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ABSTRACT

The growth and evolution of short wavelength (<ion gyroradius) flute modes on a
plasma expanding across an ambient maguetic field have been actively studied in recent
vears, both by means of experiments in the laboratory as well as in space and through
numerical simulations. We review the relevant observations and simulation results, discuss
the instability mechanism and related linear theory, and describe recent work to bring

experiments and theory into better agreement.

L INTRODUCTION: DBSERVATIONS AND SIMULATIONS

In active experiments substances, such as chemicals (e.g.. barium) or energetic particle
bearns, are released in space and followed in tine to investugate the response of the ambient
medium and to infer its underlying properties. Notable examples are the AMPTE ( Aetive
Magnetosphene Particle Tracer Explorers) reicases of barium in the magnetotal, i whieh
optical observations from Earth followed the development of field aligned npples on the
surface Hf the expanding clonds 117 Sunilar surface featares, so calle i prompt stnations,
were seenin other relense expenmentson the wonosphere 210 The waves on the surface can
generally be clanactenzed an short waveleneth oo on eytoradiue - final clond seen s oels

frequency cprowtl pate - on gviofiequeney o Hate ok, O modes Smhin phenonena



can be produced in the laboratory by means of a gun (3] or laser generated plasma [4-C]
expanding across an externally applied magnetic tield. In all cases the instability leads to
modest size filaments on the surface, but not to the breakup of the cloud. The striations
observed in [4] were similar those seen in the AMPTE releases in that they tended to
disappear as the cloud started to recollapse. The structures in (6] were longer lived: the
ends of the flutes did not seem to be slowed by the magnetic field, but instead continued to
freestream and later sometimes bifurcated. While the wavelengths measured in (3] and [4!
varied inversely with the magnetic field (K ~ B®,a < 1), those in [6] were independent of
B. These observations have le: i to a vigorous campaign of plasma simulation and theoretical
analysis in the last few yvears (see [7] for a review), the present status of which is updated

in this paper.

In addition to the experimental results, numerous computer simulations have helped
to clucidate the underlying physics of the instability. Simnulations have been carried out
with electrostatic 189 and electromagnetic particle codes [10.11], hybrid codes (particle
ions. fluid electrons) [12,13], and MHD codes with the Hall term [14] in various geometries
in both two and three spatial dimensions. The fact that all of these caleulations shiow
the development of the instability SUREESLS B robust generation mechamsm that is not
sensitive to the detuils of the plasma state. An examnple of one such simulat.on [11] 10
shown in Figure 1, in which are displayed 3 D perspectives of the ion density of a plasmia
evlinder expnnding transvesse to an applied magnetic field. As the plasma expands, the
density (henee the height of the column) drops and perturbations form o the surface

At later tumes the outer l‘(Igl'N of the lll'l"lll'lll\“(lllh continue to freestream ontward. thowe



on the surface coalesce to longer wavelengths. and the central region starts to recollapse.
Corresponding pictures for the magnetic field not shown here indicate that in the expansion

process the magnetic field is excluded from the center, forming a diamagnetic cavity.

The calculations in Figure . were done with an electromagnetic particle code. Simi-
lar calculations in the electrostatic limit {8.9] indicate that the surface modes develop in
the ion and electron densities (usually seen first in the electrons). but no magnetic cavity
forms. Electromagnetic simulations in which the clectrons are treated as a massless fluid
[12] also yicld instability, but one which grows somewhat more slowly at a wavelength that
is determined by the grid size. and a nonlinear state where the filaments can become large
enough to break off from the main column. The instability appears to grow somewhat
faster when the calculations are carried out in 3-D. The surface modes are also observed
in an expanding plasma slab rather than the usual cylinder configuration, using an elec-
tromagnetic hybrid code that retains the electron mass {13] as well as in an MHD code in
which the Hall term is kept {14]. In the former case the wavelength of the instability is
well resolved, while in the latter case it is determined by the grid size; in both situations
the unstable modes evolve to longer wavelengths in time. Because the various simulation
models emphasize different physics, a number of explanations have been proposed to i
terpret the numerical results and their relation to the experiments. We next tarn to a
discussion of the hasic instability inechunism and anadysis of the wave properties based on

linear theory



I1. THEORY: INSTABILITY MECHANISM AND LINEAR ANALYSIS

The mechanism by which the instability is excited has become well understood in
recent yvears [7,10.15.16]. Because the spatial and temporal scales of the unstable waves arc
shorter than those associated with ion gyromotion, the ions are essentially unmagnetized.
While unconstrained by the magnetic field. the ions are nevertheless slowed by a radial
electric field (Z,) that results from charge separation with the electrons that are strongly
tied to the magnetic field. The process is depicted in Figure 2. The ion momentun:

equation can be rewritten to give an expressicn for E,

dV', + L_d_"_' = —-m,g - T,¢, (1

Er = ""d_r n, dr

where T,. n,. and 1}, are the ion temperature. density, and radial velocity respectively,
and the deceleration g = —dV, /dr(> 0) and density gradient e, = —n."dn./dr(;- 0) can
also be defined. In the presence of the electric field, the electrons drift azimuthally: their

E x B drift i given by

('Ev _ i rq + T:'u
Bu (Bn cBu

1o

="’+",., {

where B, is the ambient mngnetic field. The relative electron ion drift, which is the free
energy source for the instability. thus consists of two terms: Vi, which depends on the ion
pressure gradient (T, assuined constant ) and V5. which is related to the radinl deceleration
of the 1ons. In the absenee of o radial expansion, the jon pressure gradient driven instability
is known as the lower hybrid drift instability The old papers on this instability (e [177

de consider the ore genernl ense of V, # 00 but for their applications UV, 4y and 1



_was usually ignored. In the case of expanding plasmas. however. the contribution to the
electric field from the deceleration can be dominant. and the instability can persist in the
limit V,, = 0 (e.g., the simulations in [12]). One also noted from Egs. (1-2) the absence
of dependence on electron properties. The radial electric field can arise either from local
charge separation effects in full particle simulations or from the quasineutral approximation

used in the hybrid code formarions.

Instead of concentrating on the radial electric field, one can emphasize the role of
the deceleration “g”. The fact that the instability results when the deceleration and the
density gradient are oppositely directly (e,g > 0 in the present notation). suggests a
physical analogy with the Rayleigh-Taylor instability. However, as pointed out by Hassam
and Huba [15.16]. the instability here is very different from the usual Rayleigh-Tayler
instability: the ions are unmagnetized and the mode is characterized by compressional
rather than transverse perturbations. In addition. one can easily get confused about the
direction of the decelerstion, since the jons are in a non-inertial frame. Thus, 1t seems
preferable to retain the picture of electrons drifting relative to the ions in the azimuthai
direction due te n radial electrie field that is enhanced by the deceleration of the plasma,
even in the iimit where the electrons are a charge neutralizing fluid [12-13]. o not even

explicitly kept in the caleulations (14].

Given this picture of the origin of the instability, it is straightforward to derive a linew
dispersion equation for perturbations ~ "2 =% where k is the nzimuthal wavenumnber
(1.e.. the direction of Vi) and « = o, 4 1918 the complex frequeney The essential features of

the unstable waves can be obtained from n Jocal annlysis, assuming cold electrons dinfuny



with velocity Vg relative to unmagnetized ions. For example. in [9.18] the dispersion
equation is derived in the electrostatic limit with finite electron temperature, while in
[10] cold electrons are assurned. but electromagnetic contributions are included. Figure
3 displays an example of the instability properties obtained from a numerical solution of
the local. electromagnetic dispersior. equation [10] with 3, = 8§=n,T,/B: = 0.2. T, = 0.
Va/ta =1 (v4 = BY/4rn,m,) and V;/va = O (left panelj and V;/v4 = 3 [right pancl:.
The dashed curves correspond to the growth rate, solid curves curves to the real frequency:
both are normalized to the ion cyclo ron frequency 2, = ¢B,/m,c. The wavenumber 1s
normalized to the ion inertial length. c/w, (=7 = drn,e?/m,). The curves in the left
panel correspond to the case where g=0 (usual lower hybrid drift instability). The waves
are unstable over a broad range of wavenwubers. with maximum growth occurring at
short wavelengths, kaw, ~ 140. corresponding to kc/we = 3.5 (in,/min, = 1836). At k
corresponding to maximum growth, v ~ «, ~ 0.7w y. where the lower hybrid freque. ¢y
15w >~ (2.5)"2 The unstable wave spectrum extends down to k — 0. where 5 3 o,
The addition of a nonzero deceleration (Vy/vy = 3. right panel) has a significant effect
on the mode structure. The maxiznum growth rate is now larger tabout a factor of two.
and occurs t longer wavelength (about a factor of two), while &y ~ 4 continues to hold
at maximum growth. In addition, the growth rate for kc/w — 01s much larger than when

g=0 and <, remains very smali.

Using the standard argument that the modes with the largest growth rates will grow
out of the noise faster to larger amplitude and thus will be the ones observed, hnei

theory makes definitive predictions concerning, the surface struetures seenan the AMPTE



release and in laboratory experiments. However, the observed striations are often longer
in wavelength. For example, in the AMPTE barium release of 21 March (1], there were
about 24 evenly spaced flutes on the surface of the barium cloud as it reached its final size,
radius ~ 240 km, at a time €2,t >~ 1. Using measured values of the density, this corresponds
to a wavenumber kc/w, ~ 20 [11]. Lincar theory, however, yields a maximum growth rate
v~ Qry ~ 5009, at kc/w, ~ 400. In addition, the time lapsed photographs suggested
that the striations were roughly stationary on the surface, imply w, =~ 0. instead of w, ~ 7.
as indicated by the theory. Discrepancies of comparable magnitude exist for experiments
involving laser produced plasmas expanding across strong (0.1-1.0T) magnetic fields [G].
so that one cannot dismiss the differences as merely due to uncertainties in the paramvters

(although such uncertainties do exist).

An alternative approach to predicting the mode structure is to start with the observa-
tional fact that the wavelengths are long. kc/w, ~ 1 and eliminate the electron dynanmics
first off. The resulting fluid description [15.16] yields a simple dispersion relation that
shows ~ ~ k. o, >~ 0. which is ccnsistent with the kinetic treatment in the hmt & — 0
(10.16]. However. since the theory only gives the scaling 4 ~ k. some additional physics

must still be added to determine the wavelength.

Given the inadequacies of these two approaches, research over the past vear has em-
phasized other effects which can be included in the theory. Progress in some of these areas

1s outlined 1 the next section.



III. RECENT IMPROVEMENTS TO THE THEORY

To reconcile the difference between lirear theory and the observations, a number of
additional effects have been proncsed and investigated. We briefly describe a number of
these: (A) 3-D effects, (B) nonlocal linear theory, (C) finite beta effects, (D) collisions, (E)
nonlinear theory, and (F') electron processes.

A. 3-D Effects

Plasma expansions iu three dimensions have been carried out with both electromag-
netic particle [19] and massless electron hybrid codes [12]. Compared to 2-D. the instability
appears to develop faster and at a slightly longer wavelength. The results are consistent
with a larger effective deceleration in three dimensions compared to 2-D. Gisler and Lemons
[20] have compared various expansion models (2-I) and 3-D expansions everywhere per-
pendicular to the magnetic field as well as 2-D across the field with free expansion along B)
and concluded that g is about 20% larger in 3-D as compared with 2-D. While not a large
effect. it is the direction of bringing the theory and experimental results closer together.

B. Nonlocal Effects

While the linear analysis described in Section 11 was carried out in the local approxi-
mation, it is evident from the simulations (e.g., Figure 1) and observations that the plasina
compresses into a shell as it expands. Thus. the inclusion of realistic radial profiles is a
natural refinement of the theory. Lemons [21] has done a sharp boundary analyris in the
electrostatic limit, while Huba et al. [22] have conducted a study based on their modified

fluid equations. In the short wavelength Limit [21], there is little change: maximum growti



.occurs at about the same wavelength as in the local treatment. At longer wavelengths
both methods yield growth rates 4 proportional to k'/? instead of k (which makes the
spectrum similar to that of the usual Rayleigh-Taylor instability [16]), as four.d earlier by
Peter et al. [23]. However, in the long wavelength limit, while the radial profile can affect
the value of the growth rate, the azimuthal wavenumber (i.e., the observed quantity) re-
mains undetermined. One can verify that the growth rate actually varies as k!/2 by means
of electromagnetic hybrid simulations [12). When the initial cylinder of plasma expands
outward with negligible thermal speed of the ions (compared to an expansion speed of
about the Alfven speed), the most unstable mode is the shortest one allowed by the grid.
4 ~ k2 where k,, is the maximum wavenumber ~ inverse of the grid spacing. Figure 4
shows the results of several simulations with identical initial conditions, varying only the
grid spacing. It is evident that 4 ~ k:,./z, rather than v ~ k,,, consistent with the nonlocal

scaling.

C. Finite 3, Effects

Another logical extension of the linear theory is to include finite 3, corrections, as has
been done previously for the lower hybrid drift instability [24]). With g # 0. this remains
a straightforward. but tedious task [25]. Analogous to the g=0 results, the effects of fuite
B, when g # 0 play a relatively minor role. They tend to reduce the growth ra.e at short
wavelength and have less effect on 4 as k — 0. One suprise is an enhancement in growth
at small k in some parameter regimes {25], which may actually lie on a different branch
of the dispersion equation. perhaps related to the usual (magnetized ion) Rayleigh-Taylor

instat ility. Because finite 3 effects tend tc reduce the growth rate. one has to be careful



that the assumption of unmagnetized ions is not violated (|w| > ;). This difficulty can
be avoided by going to 8 Gordeyev representation for the ions [24,26] which allows one to
cross smoothly from the unmagnetized to the magnetized regime. Overall, such additions
to linear theory give one a more complete and consistent picture of the mode structure,
but do little to reduce the differences between predicted and observed wave properties.

D. Collisions

The effect of collisions between the expanding plasma and a background is also in-
teresting and readily adaptable from previous work on the lower hybrid drift instability
[27). While not relevant to the AMPTE barium reieases (the waves being seen long after
the barium was ionized), collisional effects may be important at early times in releases in
the ionosphere [2] and can be simulated in the laboratory [6]. The effect of collisions of
electrons with neutrals or ions is to reduce the growth rate of the instability, the largest
reduction occurring near k corresponding to maximum growth without collisions, with
smaller reductions at longer wavelengths. The wavenumber corresponding to maximum
growth is not affected. Collision frequencies well in excess of the linear growth rate are
needed to quench the instability. Collisions involving ions with neutrals or electrons enter
in two ways. First, as with electron collisions they reduce growth rates, but only small
amounts (ion collision frequency < linear growth rate without collisions) are needed to
quench the instability. More significantly, ion collisions act to oppose the charge separation
electric field; they thus tend to reduce g, hence lowering the maximum growth rate and

shifting it to shorter wavelengths.

10



Collisional effects can also be studied by means of simulations. Figure 5 shows ion
density contours from three 2-D electromagnetic particle simulations. The left panel is
from a run with no collisions and shows a well developed flute instability. The middle
panel is from a similar run but where electron (Krook model) collisions have been added
in. The instability is still present, but weaker, and the cloud is more diffuse. Icn collisions
have been included in the simulation in the right panel; the instability has been suppressed.
Collisional effects on the instability have also been investigated in the laboratory by varying
the background gas pressure it: laser produced expansions [6]. As the background gas
pressure is raised (increasing the ccllision frequency), the surface structure: remain at
about the same wavelength. but become fainter and eventually disappear, in qualitative
agresment with theory.

E. Nonlinear Theory

Nonlinear processes have also been studied, and given that the linear effects discussed
above do not bring experiments and theory into agreement, they remain the most promising
way of explaining the differences. The main nonlinear effects involve trapping of the lons
and nonlinear mode coupling, similar to that which is observed for the g=0 lower hybrid
drift instability [28]. The principal difference when the cloud is expanding is that the
deceleration of che ions maintains the radinl electric field and thus continues to drive the
instability by keepiug the azimuthal electron-ion drift large. The electric field fluctuations
that result from the instability ean then become larger than those needed to trap the jons
[10]. Thus, made coupling to longer wavelengths becomes the most important nonlinear

effect. Figure 6 shows n time sequence of azimuthal profiles of jon density fluetizations
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from the simulation displayed in Figure 1. One sces the growth of short wavelength modes
th-t coalesce to longer wavelengths at later times. From the motion of the phase fronts
one can also infer the real frequeicy of the dominant mode is about wyy at carly times
[11], but becomes almost zero near the end of the expansion. Numerous other runs over a
range of parameters yield similar results and show that the amount of coalescence achieved
(i.e.. the ratio of the dominant nonlinear wavelength to the dominant linear wavelength) 1=
only about a factor of two or three. However, because the particle simulations follov the
complete electron dynamics. one is constrained to a rather narrow parameter space and
in particular the product of the time for the cloud to reach its maximum radius (¢.) and
the maxiinum linear growth rate is small. 91, < 10, whereas in the experiments 3¢, > 10°.
Thus. in the actual expeiiments there is much more time (as well as several orders of
magnitude more linear waveleng:hs on the surface) before the expansion stops, which can

low mode coupling to procesd further. Recently, Hassam et al. [29] have developed a
mode coupling theory to model this process. The essence of their model is that are two
fundamental wavenumbers: a long wiavenumber &) corresponding to growth of the waves
and scattering of the particles at short wavelength ond a small wavenumber ky related
to leng wavelength dissipation. Mode coupling occurs in this system with a nonlinear
state dominuted by kn g ~ (1k;)"/?. Recalling the characteristics of the AMPTE barium
release, if we associnte &y with that of the most unstable linear mode (kje/e, ~ 400,
and take kye/w, ~ 1, where the wstability s stabilized by 1eon gyroradine effects, one get-
knpe/ay ~ 20, consisteat with the observations. While no vicans conclusive as yet, this

mode coupling approach does at least seem very pronusiag
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It should also be noted that the key parameter for determining the importance of nou
linear effects seems to be p,/Rp. the ratio of the ion gyroradius using the imtial directed
velocity of the ions to the final expansion radius of the cloud [11]. When V, > V. Vs
proportional to p,/Rp. so that it is some measure of the free energy for the instability
The laboratory experiments [4-6] and the AMPTE barium releases [1]. where significam
growth of the waves occurs. are characterized by p,/R5 2 1. On the other hand. naturally
occurricg diamagnetic cavities sre nbserved infrequently upstream of the bow shock [30!.
The spacecraft data yield little evidence for surface waves of significant amplitude or asso-
ciated plasma heating: in this case p, /Ry < 0.1. Particle simulztions [11] carzied out over
a range of p,/Rp also indicate that the instability develops smaller surface filaments as
p./Rp is reduced, while laser experiments [5] suggest that significant anomalous diffusion.
implying a strong instability, oceurs only for p, /Ry > 1.

F. Electron Processes

Finally, we address the question of other physics that may be going on at very early
timmes in the expansion of the cloud In particular. we examine processes due exciusively
to the electrons, before jon dynignies comes into play. While there ir no experimental
evidence to support the existence of such effects, electron seale processes would oceur very
rapidly over short distances and would probably not he detected unless great care were
exercised. Becnuse the rndin] electric field is not uniform, one expects Ve to have some
radial structure, and in particular a shear which could drive a Kelvin Helmholtz instalal
ity on the surfare. Sydora et al [S] have attributed the waves seen in their electrostate

sumilntions to such nn effect and Galves et al. [9) deteet high frequeney waves i then



simulation at early time that have been modeled via a Kelvin-Helmbholtz analysis including
the effect of ions [7]. Barnes et al. [19] have shown that the high frequency flute (“pic
colo”) instability in their electromagnetic particie simulitic. s nat due to the jons by
reproducing the instability when the jon to electron mass tatio s nereased by 107 The
extension of their calculations to 2 D shows the piccolo instabulity may be responsible for
the jetting of some electrons out of the cloud along the aubient magnetic ficld ar ealy
times in the expansion. But whether these electron processe- can have some effect o4 the
ion dynamics at later times remains 20 be determined.

IV, CONCLUSIONS

The development of short wavelength flute modes on plasma clouds expanding into a
magnetic field have become well understood in the last few yvears. The mechanismi by which
the instability is generated and appropriate linear theory, which now includes nonloeal.,
finite beta, and collisional effects, are well 1o hand, And good progress is being made
in developing a nonlinear mode coapling theory that offers the best hope of resolving the
remuiaing differences betweer: theory and observations. Additionnl veritication and te-ting
of this predictive capability should be encouraged, including reevaluation of previous active
experiments, modeling of new laboratory data, and application to future space missions

such as CRNES.
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FIGURE CAPTIONS

Figure i. Results of an electromngnetic pasticle simulation showing the ion density at

various times of a plasmn cylinder expanding in 2-D transverse to a magnetic field.

Figure 2. Schematic of the instability mechanisin, showing the radial expansion of the

ions, the radind electrie field, and the azimuthal drft of the electrons.
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Figure 3. Results of linear theory showing real frequencies (solid curves) and growth
rates (dashed curves) versus wavenumber for: [left panel] no deceleration. 1, = 0. and

[right panel] 1 = 3v4.

Figure 4. Results of a hybrid simulation showing growth rate versus k,,, (~ inverse of

the grid spaciug); v ~ kn/? confirms the scaling of the nonlocal theory.

Figure 5. Results of electromagnetic particle simulations showing ion density contours
at the same time from different runs: [left] no collisions, [center] electron collisions

added, |right] ion collisions included.

Figure 6. Density perturbations on the surface of the expanding cloud shown in Figure

1 versus azimuthal angle at various times showing cnalescence of the modes.
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